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Abstract
Background: Several physiological adaptations occur in the respiratory muscles in rodent models of
elastase-induced emphysema. Although the contractile properties of the diaphragm are altered in a way
that suggests expression of slower isoforms of myosin heavy chain (MHC), it has been difficult to
demonstrate a shift in MHCs in an animal model that corresponds to the shift toward slower MHCs seen
in human emphysema.
Methods: We sought to identify MHC and corresponding physiological changes in the diaphragms of rats
with elastase-induced emphysema. Nine rats with emphysema and 11 control rats were studied 10 months
after instillation with elastase. MHC isoform composition was determined by both reverse transcriptase
polymerase chain reaction (RT-PCR) and immunocytochemistry by using specific probes able to identify
all known adult isoforms. Physiological adaptation was studied on diaphragm strips stimulated in vitro.
Results: In addition to confirming that emphysematous diaphragm has a decreased fatigability, we
identified a significantly longer time-to-peak-tension (63.9 ± 2.7 ms versus 53.9 ± 2.4 ms). At both the RNA
(RT-PCR) and protein (immunocytochemistry) levels, we found a significant decrease in the fastest, MHC
isoform (IIb) in emphysema.
Conclusion: This is the first demonstration of MHC shifts and corresponding physiological changes in the
diaphragm in an animal model of emphysema. It is established that rodent emphysema, like human
emphysema, does result in a physiologically significant shift toward slower diaphragmatic MHC isoforms.
In the rat, this occurs at the faster end of the MHC spectrum than in humans.
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Introduction
Elastase-induced emphysema in rodents is the most widely studied animal model for human emphysema. Several
alterations in diaphragmatic structure and function have
been demonstrated in this model. Among these are diaphragm fiber shortening with a corresponding shift in the
length-tension curve [1–5] and variable changes in the
contractile properties of diaphragm strips in vitro
[2,3,5,6]. Increased fatigue resistance of the muscle is the
single alteration in contractile properties that has been
most consistently [2,3,6], though not always [7], identified. This fatigue resistance has been accompanied by an
increased oxidative capacity in the diaphragmatic muscle
fibers as demonstrated by increased activities of citrate
synthase [7,8] and succinate dehydrogenase (SDH) [2,3].
In contrast, fiber type has generally not been found to be
significantly altered in the diaphragms of emphysematous
animals [1–3,8], although in all reports addressing this issue the fibers were typed histochemically rather than by
myosin heavy chain (MHC) composition. Furthermore,
the kinetics of diaphragmatic muscle contraction that one
would expect to result from shifts in fiber type distribution, such as time to peak tension, have also generally
[2,3,6,9], but not always [7], been found to be unaltered
in emphysema. A change in fiber type distribution in the
diaphragm of emphysematous hamsters was shown for
the first time recently [10], but again histochemical classification was employed, and no corresponding change in
twitch kinetics was demonstrated. In the scalene muscle,
an accessory muscle of inspiration, of emphysematous
hamsters, an increase in IIa fibers and a decrease in IIx fibers has been demonstrated with the use of anti-MHC
monoclonal antibodies. There was no difference, however, in contractile properties between emphysema and control muscle in that study [11].
In humans, our group and one other have demonstrated
marked alterations in MHC expression in the diaphragm
in severe emphysema [12,13]. This shift toward slow
MHC isoforms has been proposed to subserve an adaptive
resistance to fatigue in the human diaphragm in emphysema which is similar to that seen in the animal model.
Although most of the experimental work on adaptation of
the diaphragm to emphysema has been performed in
hamsters, rats also develop significant and often marked
increases in lung volumes and compliance, and reductions in expiratory flows, after intratracheal administration of elastase [14–18]. MHC adaptation in
emphysematous rat diaphragm has not been studied systematically. Because monoclonal MHC antibodies are better characterized in rat than hamster, and with the
availability of a semi-quantitative reverse transcriptase
polymerase chain reaction (RT-PCR) assay for rat MHC
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mRNA [19], we set out to study changes in MHC-determined fiber types and MHC mRNA expression in emphysematous rat diaphragm. To evaluate whether shifts
toward more energy-efficient isoforms of the second most
important ATPase in muscle might also occur in emphysematous diaphragm, we also studied changes in sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase (SERCA)
expression.
Further, we sought to correlate changes in MHC and SERCA expression with the physiologic function of diaphragm strips in vitro. We hypothesized that we would
identify significant alterations in MHC (and perhaps SERCA) expression in the emphysematous rat diaphragm similar to those identified in humans with severe
emphysema, and that these changes would be accompanied by corresponding changes in contractile properties. It
was expected that such findings might identify the rat
model of elastase-induced emphysema as a model in
which the diaphragmatic MHC changes that have been
shown to result from emphysema in humans might be explored further.

Materials and methods
Induction of emphysema
Eleven 3-month-old Sprague-Dawley rats underwent emphysema induction by a single intratracheal instillation of
porcine pancreatic elastase (ICN Biochemicals, Cleveland,
Ohio) at 25 units per 100 g body weight, diluted in 0.60
ml of normal saline as described previously [4]. Two animals died on the night after instillation, with evidence at
autopsy the following day of diffuse pulmonary
hemorrhage.

Eleven control animals were instilled with an equal volume of saline without a mortality.
Animals were maintained two per cage with feeding ad libitum for 10 months. The protocol was approved by the
Animal Care Committees of the Philadelphia Veterans Affairs Medical Center and the University of Pennsylvania.
Diaphragm strip physiology in vitro
An apparatus for the study in vitro of muscle contractile
characteristics similar to that described previously [20]
was assembled. Thirteen-month-old rats (10 months after
the induction of emphysema) were killed by CO2 inhalation and the diaphragm was quickly harvested en bloc
with the ribcage intact and immersed in oxygenated Ringer's solution buffered to pH 7.4 with 10 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulphonic acid. A muscle strip
approximately 7.5 mm in width, including central tendon
and rib attachments, was dissected out under magnification; care was taken to cut parallel to the muscle fibers.
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Each strip was mounted horizontally in a bath of continuously circulating, oxygenated solution at 23 ± 1°C. One
end of the strip was tied to a fixed post with sutures taken
through the attached ribs. The central tendon at the other
end was fixed to the arm of a servomotor system (motor
model 6450, electronics model 300B; Cambridge Technology, Watertown, Massachusetts) on a movable platform with a single tie. Platinum electrodes (each 7 mm ×
25 mm) were placed within 1 mm of the muscle strip on
either side. The muscles were stimulated with a Grass S44
stimulator (Grass Instruments, Quincy, Massachusetts)
with pulses 1.5 times above those needed to achieve maximal twitch force (120 V, 5 ms pulses). A series of twitches
generated every 5 seconds at incrementally different muscle lengths was used to identify the point of maximal force
generation (Lo). Mean muscle length at Lo was 2.68 ± 0.09
cm in control animals and 2.21 ± 0.07 cm in animals with
emphysema (P = 0.001).
A length-tension curve was generated from the mean of
five twitches at each muscle length between 70% and
120% of the previously determined Lo. Fatiguing characteristics were then determined by repeated stimulation at
100 Hz for 200 ms bursts, and 90 trains/min. Muscle
length (servomotor position), stimulator pulse timing,
and data collection were under computer control with
custom software developed in our laboratory. A Pentium
computer with a data acquisition board (DT21-EZ; Data
Translation, Marlboro, Massachusetts) controlled the experiment and recorded all data to disk for later analysis.
After study, the strip was removed from the apparatus,
trimmed of nonmuscle tissue, blotted dry, and weighed.
Total muscle strip cross-sectional area was calculated as
wet muscle mass divided by muscle length times density
(taken to be 1.06 g/cm3 [21]). Tension was calculated by
dividing developed force by the calculated cross-sectional
area. Study of two of the control rat strips suffered technical failure, leaving nine emphysematous and nine control
animals fully studied. Mean strip wet weight was 0.092 ±
0.004 g in the control rats and 0.088 ± 0.003 g in the emphysematous rats (P = 0.51).
Lung volume determination
After we had dissected out the diaphragm strips for the
physiologic studies described above, the animals' lungs
were excised with trachea intact. The trachea was cannulated with a 16 g intravenous catheter (Angiocath; Becton
Dickinson, Sandy, Utah), an airtight seal was established,
and the lung was inflated to a distending pressure of 25
cmH2O. This volume (at the total lung capacity) was then
measured by water displacement.

http://www.respiratory-research/content/4/1/1

MHC RT-PCR
MHC mRNA expression was analyzed by an MHC RT-PCR
assay as described initially [19] and later adapted by its
originators [22]. The assay is semi-quantitative, permitting accurate determination of relative amounts of mRNA
of the embryonic, neonatal, I, IIa, IIx, and IIb MHC isoforms in muscle. The assay's accuracy has been confirmed
against Northern blot analysis [19].

In brief, mRNA was extracted from an approximately 50
mg fragment of frozen diaphragm taken from the central
portion of the strip used in the physiologic experiments
described above. This was done with the Micro-fast Track
2.0 Kit (Invitrogen, Carlsbad, California) in accordance
with the manufacturer's protocol. The mRNA was then
suspended in 20 µl of elution buffer and the concentration was determined by measuring the attenuance at a
wavelength of 260 nm. mRNA (150 ng) was reverse transcribed for each muscle sample with the First-strand
cDNA Synthesis Kit (Amersham Pharmacia, Piscataway,
New Jersey), and the cDNA product was then used in the
PCR.
The PCR (Fig. 1) involved six reaction tubes for each muscle sample, one tube for each isoform studied. A single 5'
oligonucleotide common primer, designed from a highly
conserved region in all known rat MHC genes approximately 500 base pairs upstream of the stop codon, was
used in every reaction tube (sequence 5'-AGAAGGAGCAGGACACCAGC-3'). A different 3' oligonucleotide
primer, designed from a divergent portion of the 3'-untranslated region of each of the different MHC genes, was
used in each reaction tube to provide isoform specificity
(sequences in [19,22]). Template, in addition to 5 µg of
reverse transcribed cDNA, included 1 pg of an internal
control fragment [22] to be coamplified with each PCR by
using the same primers and target sequences. However,
this control template yields a fragment of different size
from that resulting from amplification of the MHC genes
in each tube [22] (Fig. 1), and permits controlling for the
efficiency of each PCR amplification.
The PCR was performed in a 50 µl total reaction volume.
This mixture contained the two templates described
above, 5 µl of 10 × PCR buffer (Promega), 4 µl of 25 mM
MgCl2, 5 µl dNTP, 1 µM of each of the two appropriate
primers, and 0.5 units of DNA Taq polymerase (Promega), with water to bring it to final volume. Amplifications
were performed in a thermal cycler with an initial denaturing step of 5 minutes at 96°C, followed by 25 cycles,
with each cycle consisting of 1 minute at 96°C, 50 seconds at 60°C, 50 seconds at 70°C, and a final step of 3
minutes at 72°C. The number of cycles was optimized so
that the amplified signal was on the linear portion of a
semilogarithmic plot of the yield expressed as a function
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the same mRNA sample. The final value represents the
mean of these three runs.

Figure 1
Representative image of myosin heavy chain (MHC) reverse
transcriptase polymerase chain reaction products from the
diaphragm of an emphysematous rat, separated by agarosegel electrophoresis. The higher-molecular-mass product in
each lane (labelled MHC) represents the relative amount of
mRNA for that MHC isoform: emb (embryonic), neo (neonatal), I, IIa, IIx, or IIb. The lower band (labelled CTL) permits
correction according to the efficiency of the amplification in
each reaction tube. Note the low level of IIb expression.

of the number of cycles. The PCR products were separated
on 2.0% agarose gels and stained with ethidium bromide
(Fig. 1).
Negative images of the gels were produced under ultraviolet light with Polaroid film type 665, ISO 80/20, positive/negative, black and white (Polaroid, Bedford,
Massachusetts). Densitometry of the bands was performed on the negatives (Personal Densitometer; Molecular Dynamics, Sunnyvale, California) with Image Quant
software's 'area quantitation' paradigm. To correct for any
differences in the efficiency of the reactions for each isoform, the intensity of the MHC band was divided by the
intensity of the control fragment in that reaction. A correction factor was calculated for each band on the basis of its
size, to normalize the intensity of the staining for the different sizes of the fragments. The final percentage content
of each MHC gene in the total sample was then calculated
from the fraction of a specific corrected value relative to
the sum of expressed MHC mRNA isoforms in a given
sample [19]. We performed the reverse transcription and
the PCR in triplicate for each piece of muscle, starting with

MHC immunocytochemistry
Fiber types were determined by indirect immunofluorescence on serial frozen cross sections of rat diaphragm with
monoclonal antibodies specific for the following MHCs:
NOQ7.5.4D for type I [23], SC-71 for type IIa [24], and
BF-F3 for type IIb [24]. The antibody useful for the identification of type IIx fibers, BF-35 [24], stains all fibers except pure IIx fibers. To aid in the visualization of the
periphery of the fibers, we simultaneously co-incubated
each section with a rabbit anti-rat laminin primary antibody (Sigma, St Louis, Missouri) at a dilution of 1:2500,
followed by a fluorescein-conjugated sheep anti-rabbit
IgG secondary antibody. Our tissue preparation and staining protocols for the type I and IIa antibodies have been
described previously [20,25], with the modification that
NOQ7.5.4D was used at 1:500 dilution, the section was
incubated with each of these primary antibodies for 18
hours at 4°C, and rhodamine-conjugated secondary antibodies were used. For BF-F3 we used a primary antibody
dilution of 1:50, an 18 hour incubation, and a donkey
anti-mouse IgM rhodamine-conjugated secondary antibody. For BF-35 we used a primary antibody dilution of
1:10, a 24 hour incubation, and a goat anti-mouse IgG
rhodamine-conjugated secondary antibody.

Fibers were classified on the basis of the antibody that
yielded the strongest fluorescent staining (or the absence
of staining with BF-35 for pure IIx fibers). Thus, we did
not assess the proportions of fibers that might have coexpressed more than one MHC. Subjectively, we saw no evidence of coexpression of fiber types I and IIa, but owing
to the nature of antibody BF-35, which stains all except
pure IIx fibers, we are unable to rule out the coexpression
of IIx with any other isoform. There were very rare fibers
(less than 1%) that stained only lightly with BF-F3 and did
not stain with BF-35. We interpreted these as probably
representing intermediate fibers expressing both IIb and
IIx. We did not count these fibers toward the totals reported in the results section.
At least 500 fibers were evaluated for each specimen in determining the percentage of each MHC-determined fiber
type. Using software that had been custom-designed in
our laboratory we also determined the percentage of the
total surface area of each cross section of muscle occupied
by each MHC-determined fiber type.
SERCA immunocytochemistry
Mouse IgG monoclonal antibodies directed against the
slow and fast isoforms of SERCA, respectively, were also
used on serial sections of rat diaphragm (catalogue numbers MA3-91 and MA3-911; Affinity BioReagents, Inc.,
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Table 1: Relative expression of mRNA for myosin heavy chain isoforms as determined by reverse transcriptase polymerase chain
reaction

Source

Control (n = 11)
Emphysema (n = 9)

Expressed MHC mRNA (percentages of total)
Embryonic
Neonatal
I

IIa

IIx

IIb

0
0

20.2 ± 1.3
23.6 ± 1.6

32.1 ± 0.32
34.0 ± 1.1

21.6 ± 1.9
14.9 ± 2.8*

0
0

26.0 ± 0.66
27.6 ± 1.2

*P < 0.05 versus control value.

Golden, Colorado). Each section was preincubated with
2% bovine serum albumin for 1 hour, then incubated
overnight at 4°C with the appropriate primary antibody
at 1:500 dilution. A goat anti-mouse IgG secondary antibody conjugated to Cy3 was used at 1:200 dilution for 1
hour, regardless of which primary antibody was used.
Statistical analysis
Data are reported as means ± SE. We used a repeatedmeasures analysis of variance with a Huynh-Feldt correction to compare emphysematous and control groups with
respect to MHC transcript levels by PCR and MHC-determined fiber-type number by immunocytochemistry. We
noted a group-by-type interaction and then performed ttests to compare the two groups with respect to each of the
MHC isoforms. Fatigue data were analyzed by t-test comparing mean values of measured to initial force ratio. A P
value of 0.05 or less was considered to represent statistical
significance.

Results
Lung volume
We determined H2O displacement lung volumes at total
lung capacity (25 cmH2O airway pressure) as the simplest
measure to document the hyperexpansion characteristic
of emphysema in the elastase-treated animals. Because
there was very little difference in body mass between control and emphysematous animals (613 ± 15 g control, n =
11; 629 ± 11 g emphysema, n = 9; P = 0.42), the differences in lung volume were highly significant whether or not
they were normalized to body mass. Crude lung volumes
were 34.2 ± 0.6 ml in emphysematous animals (n = 9) and
25.3 ± 0.3 ml in controls animals (n = 10) (P < 0.0001).
Thus, H2O displacement lung volumes were increased by
35% in emphysematous animals over controls.
Measurement of MHC isoform expression by RT-PCR
The mean percentage compositions of mRNA representing each MHC isoform in the diaphragms of emphysematous and control animals are listed in Table 1. Note that
there was a significant decrease in the expression of MHC
IIb in emphysematous versus control. Although the increase in the expression of the three slower adult isoforms
did not reach statistical significance for any individual iso-

form, all demonstrated a trend to greater expression in
emphysema. This trend was most marked in the IIx isoform, for which the P value for increased expression in
emphysematous versus control diaphragm reached 0.06.
Thus, there was modest shift toward expression of slower
isoforms at the mRNA level, and this shift occurred predominantly at the faster end of the MHC spectrum.
Measurement of MHC isoform expression by
immunocytochemistry
Immunocytochemical results measuring MHC proteindetermined fiber type closely mirrorred the PCR results at
the mRNA level. Table 2 demonstrates that, as determined
by immunocytochemistry, emphysematous animals had a
significantly lower percentage of fibers classified as IIb
and a trend toward increased numbers of IIx and slow fibers. When calculated on the basis of area occupied by each
fiber type, the difference between emphysema and control
did not reach significance even for the IIb antibody (P =
0.06). Note that although the results with RT-PCR and immunocytochemistry are qualitatively similar, they are
quantitatively different. Figure 2 shows a typical panel
from serial sections of one of the emphysematous diaphragm specimens stained with each of the monoclonal
antibodies.
SERCA expression by immunocytochemistry
There was no significant difference in the numbers of fibers expressing either SERCA 1 or SERCA 2 between the emphysematous and control groups. For SERCA 1, 62.4% of
fibers were positive in controls and 63.3% in the emphysematous animals (P = 57). For SERCA 2, 38.9% of fibers
were positive in each group (P = 0.99).
In vitro strip physiology
The results of the diaphragm strip physiological studies
are detailed in Table 3. It is notable that the physiological
parameters that have previously been most strongly correlated with a shift to slower MHC isoforms (time to peak
tension, and fatiguing characteristics) were significantly
altered in the expected direction in the emphysematous
versus control diaphragm strips. Time to peak tension was
longer in the emphysematous group with a P value of
0.015, and the emphysematous diaphragm was less
Page 5 of 10
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type distribution be demonstrated [10], and in that study
histochemical classification was employed that could not
separate out IIx from IIb fibers. Furthermore, no study in
emphysematous hamster diaphragm has demonstrated a
change in twitch kinetics.
Intratracheal instillation of elastase in rats creates a form
of panacinar emphysema that in some ways more closely
parallels the human disease than that created by instillation of elastase in hamsters. Changes in lung volumes and
compliance in the rat are more similar to those seen in humans [14–18]. An electron microscopic comparison of
human emphysema with elastase-induced emphysema in
rats revealed remarkably similar pictures of elastin disintegration accompanied by increased collagen deposition
and reorganization [26].
Figure 2
Representative myosin heavy chain (MHC) immunocytochemistry images of an emphysematous diaphragm after coincubation with anti-laminin antibody and an antibody against
one of the adult MHC isoforms, followed by a fluoresceintagged secondary antibody against the laminin primary and a
rhodamine-tagged secondary antibody against the MHC primary antibodies. Each frame shows a serial section stained
with a primary antibody against a different adult MHC isoform: I, IIa, IIx, or IIb.

fatiguable with a P value of 0.023. There was no significant difference in specific force generated or in the half relaxation time.

Discussion
To our knowledge, these data are the first report of significant changes in MHC expression with corresponding
physiologic alterations in any respiratory muscle of an animal model of emphysema. These changes are qualitatively similar to those reported in severe human emphysema
[12,13]: that is, they too are manifested as a shift toward
slower MHC isoforms. Quantitatively, however, the
changes are far less marked than the shift demonstrated in
humans.
The most studied animal model for the adaptation of respiratory muscle to emphysema has been the hamster with
elastase-induced emphysema. The hamster model has
probably been chosen for these studies in large part because of the impressive increases in lung volumes that can
be created in hamsters, with total lung capacity sometimes
reaching 200% of control values. Despite the
demonstration of length adaptation [1–4,6] and fatigue
resistance [2,3,6] in the diaphragms of emphysematous
hamsters, not until very recently could a change in fiber

Our results for MHC expression in rat diaphragm from
normal and emphysematous rats must be viewed first in
the light of previous quantitative studies of MHC expression in normal rat diaphragm that used techniques able to
separate out all known isoforms. In 7–9-week-old
Sprague-Dawley rats, Kanbara et al. [27] found by in situ
hybridization that 1.0% of fibers expressed only IIb and
8.8% coexpressed the IIx and IIb isoforms. This is in contrast with our RT-PCR result of 21.6% IIb in normals, but
immunocytochemical results much more in line with
Kanbara's findings. In that study, the values for MHCs I,
IIa, and IIx were not markedly different from those reported here for normal rat diaphragm by RT-PCR. By electrophoretic separation, Sugiura et al. [28] found IIb MHC to
represent 6.1% of all MHC protein in young rat diaphragm, and their IId/IIx result of 44.9% is also quite different from our PCR result, while their I and IIa findings
are very similar to our PCR results, and their IId/IIx result
closely parallels our IIx area percentage immunocytochemistry result. Okumoto et al. reported even less IIb and
more IId protein by electrophoresis in 5-month-old rats
[29].
The differences between the findings of these reports and
ours might at first glance result from the age of the animals studied, as our rats were significantly older at 13
months. However, it has been reported that there is an
age-related transition from fast to slow MHC in rat limb
muscles [30,31] and diaphragm [32], which would render
this explanation unlikely. A potential explanation of our
results in relation to Kanbara's would be that there was a
systematically greater concentration of IIb mRNA in IIb
and IIb/IIx fibers than of other isoforms' mRNAs in their
respective fibers. Sugiura et al. and Okumoto et al. used
Wistar rats, although this would be unlikely to explain the
difference between their findings and ours. In the final
analysis, it is difficult to draw any firm conclusions from
comparisons between studies addressing mRNA levels
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Table 2: Relative myosin heavy chain isoform protein expression by immunocytochemistry

Source
Control (n = 11)
Emphysema (n = 9)

Fiber%
Area%
Fiber%
Area%

Embryonic

Neonatal

I

IIa

IIx

IIb

0
0
0
0

0
0
0
0

35.2 ± 1.5
23.8 ± 1.6
36.5 ± 2.3
25.6 ± 2.7

29.7 ± 2.4
20.3 ± 1.7
25.7 ± 2.2
17.7 ± 1.3

27.9 ± 2.2
43.2 ± 1.9
30.1 ± 1.5
47.7 ± 2.5

7.2 ± 1.1
12.7 ± 2.0
4.7 ± 1.0*
9.2 ± 1.8

Fiber% is the percentage of all fibers that were positive for the given isoform's monoclonal antibody. Area% is the percentage of total area covered
by fibers positive for the given isoform's monoclonal antibody. *P < 0.05 versus control value.

Table 3: Diaphragm strip physiological parameters

Source

Time to peak tension (ms)

Half relaxation time (ms)

Peak twitch force (kg/cm2)

Fatigue

Control (n = 9)
Emphysema (n = 9)

53.9 ± 2.4
63.9 ± 2.7*

92.3 ± 3.5
85.3 ± 5.3

0.85 ± 0.055
0.81 ± 0.053

0.45 ± 0.04
0.59 ± 0.04*

Half relaxation time is the time from the peak to one-half of the maximum generated force; fatigue is the ratio of force generated at 4 s after the initiation of protocol to the initial force generated. *P ≤ 0.05 versus control values.

and those addressing protein levels; and similarly between techniques measuring protein by gel and those
measuring protein by immunocytochemistry.
Although increased activities of citrate synthase [7] and
SDH [2,3] have usually been demonstrated in the diaphragm in animal models of emphysema, fiber type has
generally not been found to be significantly altered [1–
3,7]. Only in one recent paper was a shift in MHC in emphysematous diaphragm demonstrated, but the histochemical technique used precluded the separation of IIb
and IIx fibers [10]. Another study has shown increased expression of IIa at the expense of IIx MHC in emphysematous hamster scalene muscle with the use of MHC
monoclonal antibodies, but there were none of the expected physiologic changes accompanying the shift [11].
We demonstrate here a shift from IIb toward IIx in emphysematous rat diaphragm at both the protein and mRNA
levels. Although this shift toward a slower isoform is not
as marked as that reported in humans [12,13], in which
MHC type I is upregulated and both IIa and IIx are downregulated, there is precedent for restricted MHC adaptation in rats. Termin et al. [33] for example, have noted that
whereas chronically stimulated rabbit fast-twitch muscle
results in appreciable increases in slow myosin isoforms,
chronic stimulation of rat muscle tends to bring about
shifts toward the slower types among the type II isoforms.
Other factors that might lead to less impressive MHC
shifts in rodent models of emphysema than in humans include the much shorter time course over which the adaptations have a chance to occur, the greater compliance of

the rodent thorax to pulmonary hyperexpansion, and differences in the diaphragmatic load created in the human
disease in comparison with the animal models that have
yet to be fully worked out.
Our finding in the diaphragms of rats with emphysema is
very similar to that demonstrated by Sugiura et al. in the
diaphragms of chronically swimming rats [28]. We found
IIb mRNA expression to decrease by 31% and IIb MHCdetermined fiber type to decrease by 35% in emphysema.
Sugiura et al. found that after 10 weeks of endurance
swimming, IIb protein from costal diaphragm of rats fell
by 54%, also without statistically significant changes in
the amounts of other MHC isoforms. This suggests that
the effects of emphysema on the diaphragm are, as has
been suggested by others, at least in part a function of increased workload.
Other studies of MHC adaptation in animal models of increased diaphragmatic work have had conflicting results.
Although various treadmill-running protocols have
shown increases in the aerobic capacity of the rat diaphragm [32,34–37], running has generally not been demonstrated to cause consistent changes in the relative
expression of MHC isoforms [29,38]. Although one paper
has shown a decrease in type IIb fibers and an increase in
type I fibers [38], and another has shown only a significant decrease in type IIb fibers [39], a third paper reported
a surprising increase in type IIb fibers [40].
In contrast, inspiratory resistive loading by tracheal narrowing has consistently shown increases in the percentage
Page 7 of 10
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of type I fibers and the corresponding MHC isoform in the
diaphragm [41–43], closely resembling the changes seen
in severe human emphysema. Respiratory loading by
chronic hypercapnea has also demonstrated similar
changes [44].
Given these findings, one can postulate that shifts toward
slower MHC isoforms in diaphragmatic muscle fibers result primarily from some combination of the degree and
chronicity of the work performed by the muscle. If this is
so, then one could arrange the experimental methods that
have been explored that impose increased diaphragmatic
work, from least imposed load to greatest imposed load,
as follows: running, swimming, emphysema, hypercapnea, tracheal banding. It is possible that in emphysema,
the additional impact on diaphragmatic physiology of fiber shortening resulting from pulmonary hyperexpansion
[1–6] affects MHC isoform shifts beyond the influence of
a pure increase in the workload on the muscle.
In addition to being the first demonstration of a decrease
in the expression of the IIb MHC isoform in an animal
model of emphysema, this study is the first to demonstrate that such a shift toward slower isoforms in emphysema has a significant physiologic impact on
diaphragmatic function in vitro. We show that both twitch
speed and fatiguing properties move toward slower-twitch
characteristics with this decrease in IIb expression. Given
previous work in this area, it is not unexpected that even
a shift only between the fast isoforms but away from IIb
would result in measurable physiological changes. It has
been noted, for example, that IIx fibers have significantly
higher SDH activity than IIb fibers [24,45] and, further,
that IIb motor units are significantly more fatigue sensitive than IIx motor units [46]. Schiaffino et al. have also
demonstrated, in rat whole muscles, a slower maximum
velocity of shortening in muscles made up of predominantly IIx versus IIb fibers [47]. Further, Sant'Ana Pereira
et al. [48] have shown a major difference in actomyosin
ATPase activity in rat single IIb and IIx fibers, and Sieck et
al. [45] have shown this in single fibers from rat
diaphragm.

http://www.respiratory-research/content/4/1/1

SERCA 1 (the fast isoform) [50], similar responses might
not occur in diaphragm [51]. Our data showing no difference in the expression of SERCA 1 and SERCA 2 between
emphysematous and control animals are consistent with
this finding. We did not measure SERCA activity or phospholamban phosphorylation. It is certainly possible that
the overall activities of one or both of the SERCA isoforms
are, in fact, different between emphysematous and control
diaphragm, although the numbers of fibers expressing
each isoform are not different.
Because mechanical indices of relaxation reflect the function of SERCA in sequestering calcium in the sarcoplasmic
reticulum [49], we measured half relaxation times on our
diaphragmatic strips. It is not surprising that, with no
change in SERCA 1 and SERCA 2 expression detected by
immunocytochemistry, we found no difference in the
relaxation times between control and emphysematous diaphragm strips.

Conclusion
In sum, we have demonstrated a significant decrease in IIb
MHC expression at both the protein and mRNA levels in
the diaphragmatic muscle of rats with elastase-induced
emphysema. In concert with this shift away from the fastest MHC isoform, we have demonstrated 'slower' physiological characteristics in vitro, including a longer time to
peak tension and a greater resistance to fatigue in diaphragm strips. These findings suggest that earlier reports
of physiological adaptation within the diaphragm in
animal models of emphysema without the demonstration
of concomitant shifts in MHC expression toward slower
isoforms were limited by the technologies then available,
which did not allow the evaluation of the expression of
each of the type II MHC isoforms with specific probes.
A physiologically significant shift toward slower MHC isoforms does occur in elastase-induced emphysema in rodents as it does in severe human emphysema, but in the
animal model the shift occurs at the faster end of the isoform spectrum, primarily between the type II isoforms.

Abbreviations
Finally, we examined the expression of the SERCA proteins in these animals, because these proteins are responsible for a significant fraction of energy consumption in
skeletal muscle, second only to the energy consumed by
the ATPase responsible for movement of the myosin head.
Further, diaphragmatic fatigue might be related to SERCA
function [49] and, as discussed above, our
emphysematous animals showed decreased diaphragm
strip fatigability. Previous work has suggested that although SERCA expression in limb muscles seems to respond to increases in functional load by upregulating
SERCA 2 (the slow SERCA isoform) and downregulating

MHC = myosin heavy chain; RT-PCR = reverse transcriptase polymerase chain reaction; SDH = succinate dehydrogenase; SERCA = sarcoplasmic/endoplasmicreticulum Ca2+-ATPase.

Acknowledgements
We thank Fadia Haddad in the laboratory of Kenneth Baldwin for technical
help and primers for the MHC RT-PCR assay. This work was supported by
a Veterans Affairs Advanced Research Career Development Award, and
the Edward D Churchill Research Scholarship of the American Association
for Thoracic Surgery.

Page 8 of 10
(page number not for citation purposes)

Respir Res 2003, 4

http://www.respiratory-research/content/4/1/1

References
1.
2.
3.
4.

5.
6.
7.

8.
9.

10.

11.
12.
13.

14.

15.
16.

17.

18.

19.
20.

21.
22.

Kelsen SG, Wolanski T, Supinski GS and Roessmann U The effect of
elastase-induced emphysema on diaphragmatic muscle
structure in hamsters. Am Rev Respir Dis 1983, 127:330-334
Lewis MI, Monn SA, Zhan W-Z and Sieck GC Interactive effects of
emphysema and malnutrition on diaphragm structure and
function. J Appl Physiol 1994, 77:947-955
Lewis MI, Zhan W-Z and Sieck GC Adaptations of the diaphragm
in emphysema. J Appl Physiol 1992, 72:934-943
Shrager JB, Kim D-K, Hashmi Y, Lankford E, Wahl P, Stedman H, Levine S and Kaiser L Lung volume reduction surgery restores
the normal diaphragmatic length-tension relationship in emphysematous rats. J Thorac Cardiovasc Surg 2001, 12:217-224
Supinsky GS and Kelsen SG Effect of elastase-induced emphysema on the force-generating ability of the diaphragm. J Clin
Invest 1982, 70:978-988
Farkas GA and Roussos C Adaptability of the hamster diaphragm to exercise and/or emphysema. J Appl Physiol Respirat
Environ Exercise Physiol 1982, 53:1263-1272
Heunks LMA, Bast A, Van Herwaarden CLS, Haenen GRMM and
Dekhuijzen PNR Effects of emphysema and training on glutathione oxidation in the hamster diaphragm. J Appl Physiol
2000, 88:2054-2061
Farkas GA and Roussos C Histochemical and biochemical correlates of ventilatory muscle fatigue in emphysematous
hamsters. J Clin Invest 1984, 74:1214-1220
Kelsen SG, Sexauer WP, Mardini IA and Criner GJ The comparative effects of elastase-induced emphysema on costal and
crural diaphragm and parasternal intercostal muscle
contractility. Am J Respir Crit Care Med 1994, 149:168-173
Marchand E and DeCramer M Lung volume reduction surgery
does not improve diaphragmatic contractile properties or
atrophy in hamsters with elastase-induced emphysema. Am J
Respir Crit Care Med 2000, 162:1052-1057
Fournier M and Lewis MI Functional, cellular, and biochemical
adaptations to elastase-induced emphysema in hamster medial scalene. J Appl Physiol 2000, 88:1327-1337
Levine S, Kaiser L, Leferovich J and Tikunov B Cellular adaptations
in the diaphragm in chronic obstructive pulmonary disease.
N Engl J Med 1997, 337:1799-1806
Mercadier J-J, Schwartz K, Schiaffino S, Wisnewsky C, Ausoni S, Heimburger M, Marrash R, Pariente R and Aubier M Myosin heavy
chain gene expression changes in the diaphragm of patients
with chronic lung hyperinflation. Am J Physiol Lung Cell Mol Physiol
1998, 274:L527-L534
Akahane T, Kurokawa Y, Chiba R, Yaegashi H, Takahashi T and Satomi S Effects of NdYAG laser irradiation on morphometry and
lung function in elastase-induced emphysema in rats. Laser
Surg Med 1998, 23:204-212
Churg A, Hobson J and Wright J Functional and morphologic
comparison of silica and elastase-induced airflow
obstruction. Exp Lung Res 1989, 15:813-822
Loscutoff SM, Cannon WC, Buschbom RL, Busch RH and Killand BW
Pulmonary function in elastase-treated guinea pigs and rats
exposed to ammonium sulfate or ammonium nitrate
aerosols. Environ Res 1985, 36:170-180
Mangado NC, Peces-Barba G, Cabanillas JJ, Renedo G, Verbanck S and
Paiva M Effect on single-breath washout and lung function of
elastase-induced emphysema in rats. Am Rev Respir Dis 1993,
148:735-743
Rubio ML, Sanchez-Cifuentes MV, Peces-Barba G, Verbanck MP and
Mangado NG Intrapulmonary gas mixing in panacinar and
centriacinar induced emphysema in rats. Am J Respir Crit Car
Med 1998, 157:237-245
Wright C, Fadia H, Qin A and Baldwin K Analysis of myosin heavy
chain mRNA expression by RTPCR. J Appl Physiol 1997, 83:13891396
Petfof BJ, Stedman HH, Shrager JB, Eby J, Sweeney HL and Kelly AM
Adaptations in myosin heavy chain expression and contractile function in dystrophic mouse diaphragm. Am J Physiol 1993,
265:C834-C841
Close K Dynamic properties of mammalian skeletal muscles.
Physiol Rev 1972, 52:129-197
Adams GR, Haddad F, McCue SA, Bodell PW, Zeng M, Qin L, Qin AX
and Baldwin KM Effects of spaceflight and thyroid deficiency on

23.
24.

25.
26.

27.

28.
29.
30.
31.
32.
33.

34.
35.
36.
37.
38.

39.
40.
41.

42.
43.

44.

rat hindlimb development II. Expression of MHC isoforms. J
Appl Physiol 2000, 88:904-916
Narusawa M, Fitzsimons RB, Imuzo S, Nadal-Ginard B, Rubinstein NA
and Kelly AM Slow myosin in developing rat skeletal muscle. J
Cell Biol 1987, 104:447-459
Schiaffino S, Gorza L, Sartore S, Saggin L, Ausoni S, Vianello M,
Gundersen K and Lomo T Three myosin heavy chain isoforms
in type 2 skeletal muscle fibres. J Muscle Res Cell Motil 1989,
10:197-205
Petrof BJ, Kelly AM, Rubinstein NA and Pack AI Effect of hypothyroidism on myosin heavy chain expression in rat pharyngeal
dilator muscles. J Appl Physiol 1992, 73:179-187
Finlay GA, O'Donnell MD, O'Connor CM, Hayes JP and FitzGerald
MX Elastin and collagen remodeling in emphysema: a scanning electron microscopy study. Am J Pathol 1996, 149:14051415
Kanbara K, Sakai A, Watanabe M, Furuya E and Shimada M Distribution of fiber types determined by in situ hybridization of myosin heavy chain mRNA and enzyme histochemistry in rat
skeletal muscles. Cell Mol Biol 1997, 43:319-327
Sugiura T, Morimoto A, Sakata Y, Watanabe T and Murakami N Myosin heavy chain isoform changes in rat diaphragm are induced by endurance training. Jpn J Physiol 1990, 40:759-763
Okumoto T, Imoto T, Katsuta S and Wada M Severe endurance
training fails to change myosin heavy-chain distribution of
diaphragm. Respir Physiol 1996, 104:39-43
Larsson L, Biral D, Campione M and Schiaffino S An age-related
type IIB to IIX myosin heavy chain switching in rat muscle.
Acta Physiol Scand 1993, 147:227-234
Sugiura T, Matoba H, Miyata H, Kawai Y and Murakami N Myosin
heavy chain isoform transition in ageing fast and slow muscles of the rat. Acta Physiol Scand 1992, 144:419-423
Gosselin LE, Betlach M, Vailas AC, Greaser ML and Thomas DP Myosin heavy chain composition in the rat diaphragm: effect of
age and exercise training. J Appl Physiol 1992, 73:1282-1286
Termin A, Staron RS and Pette D Changes in myosin heavy chain
isoforms during chronic low-frequency stimulation in rat fast
hindlimb muscles: a single-fiber study. Eur J Biochem 1989,
186:749-754
Gosselin LE, Betlach M, Vailas AC and Thomas DP Training-induced alterations in young and senescent rat diaphragm
muscle. J Appl Physiol 1992, 72:1506-1511
Ianuzzo D, Noble E, Hamilton N and Dabrowski B Effects of streptozotocin diabetes, insulin treatment, training on the
diaphragm. J Appl Physiol 1982, 52:1471-1475
Moore R and Gollnick P Response of ventilatory muscles of the
rat to endurance training. Pflügers Arch 1982, 392:268-272
Powers S, Lawler J, Criswell D, Dodd S, Grinton S, Bagby G and Silverman H Endurance training-induced cellular adaptations in
respiratory muscles. J Appl Physiol 1990, 68:2114-2118
Vrabas IS, Dodd SL, Powers SK, Hughes M, Coombes J, Fletcher L,
Demirel H and Reid MB Endurance training reduces the rate of
diaphragm fatigue in vitro. Med Sci Sports Exerc 1999, 31:16051612
Sugiura T, Morimoto A and Murakami N Effects of endurance
training on myosin heavy-chain isoforms and enzyme activity in the rat diaphragm. Pflugers Arch. 1992, 421:77-81
Green HJ, Plyley MJ, Smith DM and Kile JG Extreme endurance
training and fiber type adaptation in the diaphragm. J Appl
Physiol 1989, 66:1914-1920
Gea J, Hamid Q, Czaika G, Zhu E, Mohan-Ram V, Goldspink G and
Grassino A Expression of myosin heavy-chain isoforms in the
respiratory muscles following inspiratory resistive
breathing. Am J Resp Crit Care Med 2000, 161:1274-1278
Keens TG, Chen V, Patel P, O'Brien P, Levison H and Ianuzzo CD
Cellular adaptations of the ventilatory muscles to a chronic
increased respiratory load. J Appl Physiol 1978, 44:905-908
Prezant DJ, Aldrich TK, Richner B, Gentry EE, Valentine DE, Nagashima H and Cahill J Effects of long-term continuous respiratory
resistive loading on rat diaphragm function and structure. J
Appl Physiol 1993, 74:1212-1219
Kumagai M, Kondo T, Ohta Y and Isihara T Size and composition
changes in diaphragmatic fibers in rats exposed to chronic
hypercapnia. Chest 2001, 119:565-571

Page 9 of 10
(page number not for citation purposes)

Respir Res 2003, 4

45.
46.

47.

48.

49.
50.

51.

http://www.respiratory-research/content/4/1/1

Sieck GC, Zhan WZ, Prakash YS, Daood MJ and Watchko JF SDH
and actomyosin ATPase activities of different fiber types in
rat diaphragm muscle. J Appl Physiol 1995, 79:1629-1639
Larsson L, Edstrom L, Lindegren B, Gorza L and Schiaffino S MHC
composition and enzyme-histochemical and physiological
properties of a novel fast-twitch motor unit type. Am J Physiol
Cell Physiol 1991, 261:C93-C101
Schiaffino S, Ausoni S, Gorza L, Saggin L, Gundersen K and Lomo T
Myosin heavy chain isoforms and velocity of shortening of
type 2 skeletal muscle fibres. Acta Physiol Scand 1988, 134:565566
Sant'Ana Pereira JAA, Ennion S, Sargeant AJ, Moorman AFJM and
Goldspink G Comparison of the molecular, antigenic and ATPase determinants of fast myosin heavy chains in rat and human: a single-fibre study. Pflugers Arch 1997, 435:151-163
Aubier M and Viires N Calcium ATPase and respiratory muscle
function. Eur Resp J 1998, 11:758-766
Kandarian SC, Peters DG, Taylor JA and Williams JH Skeletal muscle overload upregulated the sarcoplasmic reticulum slow
calcium pump gene. Am J Physiol Cell Physiol 1994, 266:C1190C1197
Sayen MR, Rohrer DK and Dillman WH Thyroid hormone response of slow and fast sarcoplasmic reticulum Ca ATPase
mRNA in striated muscle. Mol Cell Endocrinol 1992, 87:87-93

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10
(page number not for citation purposes)

